Mutagenesis by simple alkylating agents is thought to occur by either a lexA+-dependent process called error-prone repair or a lex-independent process often attributed to mispairing during replication. We show here that error-prone repair is responsible for the majority of mutants formed after a large dose of alkylating agent, but it is unlikely that it contributes significantly to mutagenesis during exposure to low concentrations of these chemicals. The mutagenicity of these low doses of alkylating agent is reduced by a repair system constitutively present in lexA+ cells but absent in lexA mutants. This system reduces mutagenesis until a second error-free system, called the adaptive response, can be induced [P. Jeggo, M. Defais, L. Samson, and P. Schendel, Mol. Gen. Genet. 157:1-9, 1977; L. Samson and J. Cairns, Nature (London) 267: [281][282][283] 1977]. The adaptive response is capable of dealing with a much larger amount of alkylation damage than the constitutive system and, when induced, appears to be able to reduce mutagenesis by both decreasing the number of sites available for mutagenesis and delaying the induction of error-prone repair enzymes. Finally, we discuss a model of chemically induced mutagenesis based on these findings which maintains that the observed mutation frequency is dependent on a "race" between these two error-free systems and the two mutagenic pathways.
gins with the reaction between the mutagen and the cell's DNA. Once this alkylation has occurred, the cell proceeds to try to repair those lesions which are recognized as disruptive to its normal metabolism. Of the several repair systems characterized in Escherichia coli, most are present in the cell at all times and faithfully replace the derivatized bases with the original genetic sequence (they are error-free) (7) . One system, however, appears to be error-prone. This repair pathway is not normally present but is induced (4, 26, 28) when the cell incurs certain kinds of damage to its DNA. This error-prone repair is dependent on wild-type recA amd lexA gene products and is responsible for all mutations caused by UV light (20, 22, 27) . It also seems to be instrumental in much chemically induced mutagenesis. In this case, however, recA-lexA-independent mechanisms also contribute substantially (8, 12) , with the exact amount of mutagenesis due to error-prone repair varying with the type of mutagen used (12, 15) . It is assumed that errors during the normal replication of alkylated regions of the genome account for most lex-independent mutagenesis, but the existence of lex-independent forms of error-prone repair has not been ruled out. 466 Error-prone repair is just one of several metabolic processes induced in response to mutagenic challenge. Others include such diverse things as the reactivation of UV-irradiated lambda phage (Weigle [W]-reactivation), inhibition of septum formation, inhibition of respiration, the increased production of recA gene product, and the induction of lambda prophage (29) . Taken together these processes have been called the SOS response (23, 29) . No part of the SOS response is expressed in cells carrying either a recA or lexA mutation (29) , but all are expressed constitutively at 42°C in cells having a tif mutation (29) .
We have been studying a repair pathway which is induced when E. coli cultures are exposed to a sublethal dose of an alkylating agent (13, 25) . The mutagenic and toxic effects of several alkylating mutagens are less severe in cultures in which this pathway has been induced than in controls (13, 25) . We have named this process the adaptive response, and it joins the list of error-free repair systems of E. coli. In this paper, experiments are described which probe the quantitative involvement of lex-independent and -dependent processes in mutagenesis by three different alkylating agents, ethyl methane sulfonate (EMS), methyl methane sul-fonate (MMS), and N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) . From the kinetics of mutagenesis produced by these agents, we then speculate on the effect of both constitutive and adaptive error-free repair on the mutational process. These speculations have led to the formulation of a scheme which describes the interaction of the various physiological responses of a cell to a challenge of alkylating agent.
MATERIALS AND METHODS
Chemical reagents. EMS and MNNG were obtained from Sigma Chemical Co. MMS was from Aldrich Chemical Co. Agar and tryptone were from Difco Laboratories. All necessary amino acids, sugars, and vitamins were obtained from Sigma Chemical Co.
Bacterial growth medium. Medium used for the growth of bacterial strains was supplemented M9 salts solution as described by Miller (19) . Plates used for the scoring of mutants were as previously described (13) .
Bacterial strains. Strain AB1157 is a multiply marked, valine-sensitive derivative of E. coli K-12 (10) . Strain AB2494 is an arg+ met derivative of strain AB1157 that carries the lexAl mutation (9) . Strain GY2813 is a derivative of AB1157 carrying the tif-1 (2) and sfiAll (5) mutations. Strain AB2480 was used as an indicator for W-reactivation because it carries both a recA13 and a uvrA6 mutation which make it unable to repair any UV lesions (9) . Strain N0483, used as an indicator for W-mutagenesis, has previously been described (11) . Strain AB1157 was obtained from D. W. Mount; all other strains were a gift from M. Radman.
General methods. All methods for the growth, adaptation, and plating of cultures were those described previously (13) . Five-minute treatments with various concentrations of MMS and EMS were carried out in a manner completely analogous to those previously reported for MNNG (13) . The kinetics of mutagenesis was determined by treating larger cultures of cells (usually 25 to 35 ml) with mutagen. Samples (5 ml) were removed at the times indicated, filtered, washed, and plated as previously described.
W-reactivation and W-mutagenesis. Cultures (15 ml) of AB1157 were grown at 37°C in tryptone broth (19) (13) . Plates were scored after 3 days of growth at 30°C. Cultures of AB1157 were treated similarly to serve as the recA+ controls.
RESULTS
Quantitative involvement of lex-independent and -dependent processes in chemically induced mutagenesis. The three mutagens used in this study are among the most common in laboratory use. Although all three are alkylating agents, the conversion of the damage they cause into stable mutations has been reported to depend upon different cellular functions (12, 15) . MMS mutagenesis is thought to be highly dependent on the process of errorprone repair because it was found to be almost nonmutagenic to recA and lexA mutants (1, 6, 15) . EMS mutagenesis appears to be independent of error-prone repair since the lesions it produces do not seem to be capable of inducing SOS functions (15, 24) . MNNG faDs somewhere between these two in that some of the mutations it produces seem to arise via error-prone repair while others arise via lex-independent mechanmms.
The experiments that led to these conclusions most generally were carried out using a limited range of high mutagen concentrations. Furthermore, the most extensive studies (12, 15) were done using cells that were exposed to the mutagens in buffer rather than in growth medium. We were interested in knowing which pathways were responsible for mutation in celLs that were still actively growing. We thus undertook a study to determine the contribution of lex+-dependent error-prone repair processes to the mutation frequency observed in a culture of cells exposed to low doses of an alkylating agent.
Initially we looked at the effect of short exposures of cultures to mutagens. Figure 1 shows that after a 5-min challenge with MNNG concentrations of less than 14 itM (2 1tg/ml), the mutation frequency observed in cultures unable to induce error-prone repair enzymes because they had a mutant lexA gene product was at least as high as that seen in wild-type cultures. In fact, at the lowest concentrations tested, the lexA culture developed a significantly higher number of mutants than the lex+ one did. As the MNNG concentration was increased above 14 uM the pattern changed, and more and more of the mutagenesis was dependent on the cell's possessing a wild-type lexA gene product.
The response of cells to a 5-min challenge with MMS can be seen in Fig. 2A . Because of reports which concluded that most MMS mutagenesis is mediated by error-prone repair (1, 15), we were surprised by how similar these results were to those produced by MNNG. Once again the lowest dose used (0.012 M) gave more mutants in the lexA strain than in the lex+, but as the challenge dose increased, more and more of the observed mutations could be attributed to lex+-dependent mechanisms. Figure 2B shows that lexA strains amass more mutations than their lex+ parents at each of the EMS doses tested. The shape of the dose response curve produced by EMS was similar to that seen with very low doses of MMS or prone repair if its concentration could be increased to a high enough leveL but this was not feasible for our type of experiment. This interpretation is supported by the reported observation of a limited amount of recA+-dependent mutagenesis after an extended treatment with EMS (16) .
W-reactivation and -mutagenesis in MNNG-treated cultures. The results in Fig. 1 suggest that cultures exposed for 5 min to less than 14 pM MNNG do not incur enough damage to cause induction of their error-prone repair enzymes. The results given in Table 1 support this interpretation. Here are presnted the amounts of W-reactivation and W-mutagenesis produced by a 5-min exposure to various doses of MNNG. Both of these processes are normally coordinately expressed with bacterial errorprone repair. The data in this table show that neither reactivation nor mutagenesis of UV-irradiated X phage occurs in cultures treated for 5 min with 6.7pM (1 lg/ml) MNNG, but, as the challenge concentration increases, both are induced. The length of the challenge is probably important to these determinations, since we have observed a slight amount of W-reactivating potential (about twofold) in cultures grown for 90 min in as little as 3.3 pM (0.5 ug/ml) MNNG. By 2 to 3 h, this potential decayed to normal background level (data not shown).
Kinetics of mutation at low MNNG concentrations. The results in the previous sec- Figure 3 shows the kinetics of mutagenesis of lex+ and lexA cultures exposed to 3.3 ,uM (0.5 ,ug/ml) and 6.7 uM (1.0 ,ug/ml) MNNG for extended times. The lower of these challenge doses (Fig. 3A) produced no significant difference in the mutation frequency eventually attained by lex+ or lexA cultures. The plateauing in the observed mutation frequencies of both cultures presumably is due to adaptation. A concentration of 6.7 ,uM (Fig. 3B ) was sufficiently high to produce a small but significant amount of kx+-dependent mutagenesis when exposure exceeded 5 min. Again the observed mutation frequencies soon plateaued due to the induction of the adaptive response. Whereas both lex+ and lexA cul- tures adapt when exposed to the MNNG concentrations used in this experiment, it appears that lexA cells adapt somewhat more quickly than do lex+ cells. These results are consistent with the hypothesis that lex+ cells possess a constitutive level of error-free repair capable of coping with a limited amount of MNNG. The very low initial rate of mutagenesis seen in lex+ cultures during exposure to 3.3 uM MNNG shows that this repair system can remove lesions that are mutagenic in lexA cultures. It also seems likely that this sytem can repair lesions normally involved in the induction of error-prone repair, but this has not been unequivocally substantiated as yet. After this initial period, the system appears to become saturated; lesions accumulate and switch on the synthesis of adaptive enzymes, which eventually stop any further mutagenesis. If lesions accumulate rapidly enough (i.e., if the dose is high enough), error-prone repair will be induced, and it will boost the mutation frequency attained by lex+ cultures before they adapt.
Kinetics of mutation in adapted cultures. Adaptation lowers the mutation frequency observed after a 5-min challenge with an alkylating mutagen (13, 25) . Its effect on the accumulation of mutants during an extended challenge with MNNG is shown in Fig. 4 . When cultures were adapted and then exposed to a challenge of 67 pM (10 pug/ml) MNNG (Fig. 4B) , their mutation rate during the first 8 of control cultures. Thereafter, they amassed mutants at a rate that was virtually that observed initially in unadapted cultures. With higher MNNG concentrations, the length of time in which the adapted cultures slowly accumulated mutants was roughly inversely proportional to the dose (Fig. 40) . When the challenge dose was 33 ,uM (5 ,g/ml) or less (Fig. 4A ), the inverse relationship between MNNG concentration and length of time during which adapted cultures maintained a slow mutation rate did not hold. At these lower doses, adapted cultures continued to mutate at the slower rate for considerably longer than the 16 to 20 min expected. This suggests that the adaptive repair system is capable of handling indefinitely the methylation flux produced by 33 FM MNNG, but higher doses eventually exhaust its ability to cope.
Effect of the adaptive response on mutagenesis. (i) Reduction of lx-independent mutagenesis. We showed in the earlier sections of this paper that the mechanism by which MNNG produces mutants in bacteria is complex. At low doses, most of the mutants arise by lex-independent mechanisms, whereas higher doses produce many more mutants in cells capable of carrying out error-prone repair. The reduction of mutation by the adaptive system thus could occur by its impingement upon either mutagenic pathway.
As we previously reported (13), strains mutant in lexA are still able to adapt. This in itself says that the adaptive response must be able to reduce lex-independent mutagenesis, since this is by definition the only type of mutagenic mechanism available to these cultures. The quantitative effect of adaptation on mutagenesis of a lexA culture can be seen in Fig. 5 . Clearly the ability of the adaptive system to reduce lexindependent mutagenesis is substantial.
Another result that corroborates this conclusion is the effect of adaptation on EMS mutagenesis (Fig. 6A) . Since under the conditions of these experiments mutation by EMS is independent of error-prone repair (Fig. 2B) , the large reduction in EMS mutagenesis effected by adaptation indicates once again that the adaptive response can substantially reduce lex-independent mutagenesis.
(ii) Reduction of lexc-dependent mutagenesis. Along with its effect on lex-independent mutagenesis, the adaptive response can reduce lex+-dependent mutation. This has been concluded for several reasons. First, it is demonstrated by the effect of adaptation on MMS mutagenesis. The kinetics of this process is shown in Fig. 6B . The shape of this curve is similar to the one produced by MNNG in that there is an initial period of very slow mutant production, followed by a rapid accumulation of mutants. We showed in Fig. 2A in this initial 5 min of exposure, so the adaptive repair system must have prevented most of the 3,500 mutants which would have been produced by error-prone repair-mediated mutagenesis in an unadapted culture.
A similar conclusion can be drawn from the kinetics of MNNG mutagenesis in adapted lex+ cells (Fig. 4) . As previously mentioned, the initial observed mutation rate in adapted cultures was only about 5% of that seen for unadapted cultures. This reduction cannot be entirely due to a reduction in lex-independent mutagenesis, since at the MNNG concentrations used in these experiments greater than 50% of the mutants produced in unadapted cultures arose from lex+-dependent mechanisms (Fig. 1) . Thus, adaptation must initially be able to prevent most of these mutations from being fixed.
Once this phase of slow mutation passed, the rate of mutant production increased to nearly that seen with unadapted cultures. This rapid phase of mutagenesis must be due to lex+-dependent mutagenesis, since it was absent in adapted lexA cultures (Fig. 5 ). This suggests that, when induced, the presence in lex+ cells of active error-prone repair enzymes can totally mask any effect adaptation might still be having on lex-independent mutagenesis.
Effect of prior induction of error-prone repair enzymes on the kinetics of mutation in adapted cells. There are several ways that adaptation could block error-prone repair-me- diated mutagenesis. Since error-prone repair is an inducible system (4, 26, 28), adaptation could block its induction or inhibit its activity once induced. A total block of SOS induction is unlikely since UV light is equally mutagenic in adapted and unadapted cells (13) . Alternatively, it could slow the buildup of the signal necessary for the induction of error-prone repair by alkylating agents. Finally, the adaptive system may rapidly repair the lesions or potentially mutagenic sites normally acted upon by error-prone enzymes.
In an attempt to distinguish between these last two alternatives, the following experiment was performed. Strains that carry the recA mutation, tifl, are thought to be constitutively derepressed for SOS functions when grown at 42°C in the presence of adenine (5, 28) . A culture of such celLs was adapted and then shifted to 42°C to allow full induction of error-prone repair enzymes. If the adaptive repair pathway impinges upon lex+-dependent mutagenesis by reducing the signal for the induction of SOS functions, adaptation should not be observable in tif-1 cells at 42°C, and the rapid phase of mutant production should commence at once just as it does in an unadapted culture. On the other hand, if it removes potentially mutagenic sites, the effect of the adaptive response should still be noticeable, but its magnitude might be reduced owing to the fact that error-prone enzymes are available and no time is necessary for their synthesis.
When an adapted tif-1 culture was challenged at 430C with 54 uM (8 ug/ml) MNNG, it accumulated mutants at a significantly higher rate than did a similarly treated adapted recA+ culture (Fig. 7) . Nevertheless, the adapted tif-culture's initial mutation rate was well below that of its unadapted counterpart. This effect was only transient, and, after about 10 nin, the mutation rate increased to almost that seen for the unadapted culture. Even though the adapted tif-1 culture amassed mutants rapidly during the second half of this experiment, the recA+ culture remained nonmutated, suggesting that errorprone repair enzymes were still not induced in these celLs. This result seems to be a composite of the two predicted ones. however, that the lex+-dependent error-free repair system just described is distinct from the one involved in adaptation, since lexA cells adapt normally (13) .
One possible way that the lex+-dependent error-free system could reduce alkylation mutagenesis is by excising 06-alkylguanine from the challenged cell's DNA. This lesion has been implicated as a possible site of replication errors because of its potential for pairing with thymine instead of cytosine (18) . The involvement of a lex+-dependent system in the repair ofthis lesion has already been suggested by the report that a uvrA lexA mutant of E. coli B/r had a reduced capacity to remove this derivatized base from its DNA (17) .
Our studies to determine the means by which the adaptive response can reduce the mutagenicity of alkylating agents suggest that it reduces lex-independent mutagenesis, reduces the "signal" necessary for the derepression of the genes involved in error-prone repair, and reduces the number ofsites available to error-prone enzymes to act once induced. It is not yet clear whether these three methods of reducing mutation involve the repair of a specific or several kinds of lesions.
We have presented evidence to suggest that the quantitative involvement of the various mutagenic pathways in the process of chemically induced mutagenesis varies with the concentration of mutagen that the cells encounter and the length of time they are exposed. In the case of the three alkylating agents used in this study, the lower the dose the greater the contribution of lex-independent pathways to the final mutation frequency. An exact calculation ofthe quantity of mutagenesis that occurs in lex+ cultures via lex-independent mutagenic pathways is not possible from our data because of the existence of two lex+-dependent repair systems, one errorfree and the other error-prone. Nonetheless, it seems quite likely that no substantial amount of mutagenesis occurs via error-prone repair during exposure to low concentrations of alkylating agents. The implication of these results to the human population is that error-prone repair type mutagenesis is unlikely to play an important role in the carcinogenicity of simple alkylating agents, since we normally encounter only very low doses of these compounds in nature.
A note of caution must be added at this point. The interpretation of curves, like many in this paper, that show the mutation frequency at any given time of challenge can be misleading, since what one really is measuring is the commitment of cells in the culture to mutate, not the actual fixation of the mutation. Thus one cannot actually assume that 20 min after the initiation of J. BACTERIOL. a 67 yM MNNG challenge, adapted AB1157 cells are producing error-prone repair proteins, as seems to be implied by Fig. 4B and our discussion of the kinetics of mutagenesis of adapted cultures. What one can say is that at that point many of the cells that are to survive will eventually induce error-prone repair systems en route to colony formation. Thus, in all cases except the tif-1 culture at 42°C, when we speak of induction of error-prone repair, what is really meant is commitment to the induction of that system, and when we speak of rate of mutation we mean rate of commitment to mutate.
The problem confronted in this cautionary note is really the essence of the problem of studying mutational mechanisms by scoring mutants. Mutations are just one of the possible end products of a complex set of reactions which go on inside a cell when it is confronted with a challenge from an alkylating agent. We have conceptualized the interaction of these reactions as follows.
(i) The flux of alkylating agent reaching the DNA produces a relatively constant rate of derivatization of bases.
(ii) Constitutive error-free repair systems immediately set forth to repair the biologically important damage. If the damage is slight enough, this system can repair it at a rate sufficient to prevent the induction ofenzyme systems available for times of greater crisis. Nevertheless, during this time there is still a chance that the replication fork will move past a modified base and produce a mutant as the result of a replicative error, but the error-prone repair pathway has not been induced and no lex+-dependent mutation occurs.
(iii) When the flux of alkylating agent is somewhat higher, the constitutive system cannot repair rapidly enough to prevent the induction of adaptive repair enzymes. If it is higher still, both adaptive and error-prone repair enzymes are induced. At this point a "race" begins betwen the two error-free repair systems and the errorprone system. If the mutagenic enzymes get to a lesion first, a mutation may be fixed. If the others get there first, the damage is rectified. One slightly simplifying factor is that when damage to the chromosome becomes excessive, replication stops, thus eliminating one of the potential pathways of mutation.
(iv) Once the adaptive enzymes have been induced, they start to repair the existent damage and eventually may reduce the level of derivatization below that required for the continued synthesis of the error-prone enzymes. The mutagenic system thus decays, and some equilibrium between the rate of derivatization and the rate of repair is established.
(v) Adapted cultures are different from nonadapted only in that they possess a higher level of error-free repair capacity. It thus takes a much higher dose of alkylating agent to produce enough damage to effect the initial induction of error-prone repair.
When a sample of cells is plated at any time during or after mutagenic challenge, the race just described goes on. What we observe as a mutation frequency thus reflects the probability that mutagenic mechanisms have gotten or will get to the lesions in the survivors before errorfree repair enzymes do. An understanding of this race is fundamental to our understanding of the mechanism of chemically induced mutation.
